High-Mobility Ambipolar Magnetotransport in Topological Insulator Bi2Se3 Nanoribbons by Kunakova, Gunta et al.
High-Mobility Ambipolar Magnetotransport in Topological Insulator
Bi2Se3 Nanoribbons
Downloaded from: https://research.chalmers.se, 2021-12-11 21:21 UTC
Citation for the original published paper (version of record):
Kunakova, G., Bauch, T., Palermo, X. et al (2021)
High-Mobility Ambipolar Magnetotransport in Topological Insulator Bi2Se3 Nanoribbons
Physical Review Applied, 16(2)
http://dx.doi.org/10.1103/PhysRevApplied.16.024038
N.B. When citing this work, cite the original published paper.
research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library
(article starts on next page)
PHYSICAL REVIEW APPLIED 16, 024038 (2021)
High-Mobility Ambipolar Magnetotransport in Topological Insulator Bi2Se3
Nanoribbons
Gunta Kunakova ,1,2,* Thilo Bauch,1 Xavier Palermo ,1 Matteo Salvato,3 Jana Andzane ,2
Donats Erts ,2 and Floriana Lombardi1,†
1
Quantum Device Physics Laboratory, Department of Microtechnology and Nanoscience, Chalmers University of
Technology, Göteborg SE-41296, Sweden
2
Institute of Chemical Physics, University of Latvia, Raina Blvd. 19, Riga LV-1586, Latvia
3
Dipartimento di Fisica, Università di Roma “Tor Vergata”, Roma 00133, Italy
 (Received 30 March 2021; revised 8 June 2021; accepted 12 July 2021; published 23 August 2021)
Nanoribbons of topological insulators (TIs) have been suggested for a variety of applications exploiting
the properties of the topologically protected surface Dirac states. In these proposals it is crucial to achieve
a high tunability of the Fermi energy, through the Dirac point while preserving a high mobility of the
involved carriers. Tunable transport in TI nanoribbons has been achieved by chemical doping of the mate-
rials so to reduce the bulk carriers’ concentration, however at the expense of the mobility of the surface
Dirac electrons, which is substantially reduced. Here we study bare Bi2Se3 nanoribbons transferred on a
variety of oxide substrates and demonstrate that the use of a large relative permittivity SrTiO3 substrate
enables the Fermi energy to be tuned through the Dirac point and an ambipolar field effect to be obtained.
Through magnetotransport and Hall conductance measurements, performed on single Bi2Se3 nanoribbons,
we demonstrate that electron and hole carriers are exclusively high-mobility Dirac electrons, without any
bulk contribution. The use of SrTiO3 allows therefore an easy field effect gating in TI nanostructures
providing an ideal platform to take advantage of the properties of topological surface states.
DOI: 10.1103/PhysRevApplied.16.024038
I. INTRODUCTION
Topological-insulator (TI) nanoribbons are considered
promising candidates for a variety of applications, which
can take advantage from the high surface-to-volume ratio
and the reduced number of electronic transport modes. For
example, improved thermoelectric performance in very
thin TI nanoribbons can be foreseen because of the topo-
logical surface states and the gap opening at the Dirac
point and the reduction of phonon thermal conductivity
due to scattering from the surfaces [1,2]. At the same time
the low number of transport modes have been shown to
be advantageous when realizing Josephson junctions with
TI nanoribbons [3–5] for the exploitation of Majorana
fermions in topological quantum computation [6,7].
To take advantage of the peculiar properties of TI
nanoribbons it is imperative to reduce the contribution of
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the bulk carriers as well as to be able to tune the Fermi
energy across the Dirac point [8–12]. Up to now doping
has been successfully used for nanoribbons to eliminate the
bulk contribution, however at the expense of the mobility
of the surface Dirac electrons, which is heavily reduced
[10]. High mobility is instrumental for applications, so
doping does not appear a viable strategy to take full
advantage of the Dirac electron physics. Another critical
issue, affecting TI nanoribbon devices, is the unavoidable
presence of an oxide layer around the external surface
[13,14], which may lead to the formation of an extra two-
dimensional (2D) gas once they are transferred on oxide
dielectric substrates. It is well established, for example,
that in high-k–SiO2 interfaces, oxygen displacement at
the interface is responsible for the formation of interface
dipoles with an orientation depending on the density dif-
ference of oxygen atoms at the interface [15–17]. The sign
of the dipole can determine the formation of a depletion
or an accumulation layer at the interface between the two
oxides. We have recently demonstrated that in the case for
Bi2Se3 nanoribbons transferred on a SiO2/Si substrate a
2D accumulation layer, with a high carrier density up to
2 × 1013 cm−2, is formed at the interface with the SiO2
[18,19]. This makes it difficult to tune the Fermi level
close to the Dirac point due to the relatively low dielectric
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constant of the substrate. It is therefore crucial to explore
the behavior of TI nanoribbons once transferred on sub-
strates with different properties to fully access the Dirac
point physics of TI nanoscale devices.
In this paper, we implement Bi2Se3 nanoribbons on var-
ious oxide substrates and demonstrate that the formation
of an accumulation layer is a general feature characteriz-
ing the interface with Bi2Se3. In particular we show that
the use of SrTiO3 (STO) enables us (a) to completely
deplete the interface accumulation layer by back gating
through the substrate, (b) to tune the Fermi surface through
the Dirac point, and finally (c) to obtain an ambipo-
lar field effect; here the electrons and holes exclusively
belong to the Dirac bands (without any bulk contribu-
tion) from the top and bottom surface of the nanoribbon.
The combination of these three findings can bring forward
the implementation of TI nanoribbons in devices, which
take advantage of the unique properties of the topological
surface states.
II. EXPERIMENTAL RESULTS AND DISCUSSION
Charge transport in topological-insulator Bi2Se3 nano-
ribbons transferred on SiO2/Si substrates has previously
been found to be affected by a strong downward band
bending at the interface with the substrate, which implies
the formation of a trivial 2DEG accumulation layer at the
interface between the nanoribbon’s bottom surface and the
substrate. See Fig. S1 within the Supplemental Material
for a schematic of the band-bending diagram [20], and
in Refs. [18,19]. To evaluate the effect that different sub-
strates might have on the nanoribbon band structure, we
compare the carrier densities of nanoribbons with simi-
lar thicknesses once they are transferred on the substrates
under study −SiO2/Si i.e. Si substrates covered by 300
nm of SiO2; as delivered STO (100) with mixed termi-
nation surface of SrO and TiO2 oxides; TiO2-terminated
STO (100); and sapphire. The carrier density of individual
nanoribbons is measured via Hall effect. A SEM image of
one of the nanoribbon Hall bar devices on a STO substrate
is shown in Fig. 1(a). The values of the carrier density n3D






where e is the elementary charge; t is the thickness of
the nanoribbon, and g is a correction factor of the mea-
sured Hall voltage due to the nonideal Hall bar geometry
[21]. We numerically calculate the correction factor using
COMSOL for our typical Hall bar geometries and contact
resistances, obtaining g ≈ 6. See Supplemental Material
for the simulation of the Hall voltage correction factor g,
and for details of all the measured nanoribbons listed in
Table S1 [20]. The carrier density values for nanoribbons
with thicknesses in the range 7–24 nm, for the various
(b)(a)
FIG. 1. (a) SEM image of the Bi2Se3 nanoribbon with elec-
trodes for Hall-effect measurement. (b) Hall carrier density n3D
for Bi2Se3 nanoribbons within the thickness range of 7–24 nm
and transferred on four different substrates. The inset shows a
cross-section schematic of the nanoribbon device: the light blue
dashed line highlights the interface between the nanoribbon bot-
tom surface and the substrate where the accumulation layer is
located.
substrates are plotted in Fig. 1(b). The n3D of thin nanorib-
bons on SiO2/Si is approximately 5 × 1018 cm−3 and it
increases up to 3 × 1019 cm−3 for TiO2-terminated STO
substrates.
The extracted values of n3D are the largest for TiO2-
terminated substrates in line with a higher value of the
electron affinity EA of TiO2 [22]. The lowest values for
n3D are instead found for SiO2/Si substrates in agreement
with the lowest EA value among the substrates investi-
gated in this work [22]. While the data of Fig. 1(b) suggest
that SiO2/Si is the best substrate among the ones of this
study, its low dielectric constant (εSiO2 ≈ 3.5 [23]) gives
a poor tunability of the nanoribbon carrier density by
using back gate. With STO substrates, instead, because
of the extremely high dielectric constant (εSTO,65K ≈ 1000
and εSTO,1K ≈ 20 000) [24], the tunability of the device
is highly increased. STO (001) substrates with dominant
TiO2-terminated surface would in principle be a better
option compared to the nontreated STO, due to the atomi-
cally flat surface steps [25,26] and uniformity of the oxide
surface in contact with the nanoribbon. However, due to
the high electron affinity of TiO2, the initial 2D carrier
density formed at the interface with the Bi2Se3 nanorib-
bon is too high to be fully depleted by the back gate, see
Fig. S2 within the Supplemental Material [20]. Indeed,
as we show below an ambipolar transport can only be
achieved in nanoribbon devices fabricated on STO (001)
with mixed SrO and TiO2 terminated surface. For these
devices, gate efficiency varies depending on the nanorib-
bons’ thickness and on the substrate-nanoribbon interface,
which is affected by the substrate’s surface termination.
The ambipolar transport can only be achieved in very thin
nanoribbons (in our case 9 nm thick) as also reported in the
literature [9,10,12].
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The electron affinity of STO (001) with a mixed
SrO and TiO2 is expected to be smaller than the affinity of
STO-TiO2 (EASTO,TiO2term. = 3.57 eV [27]) and compara-
ble to value of SiO2 on Si substrate as EASTO, SrO term. =
1.27 eV [27] and EASrO = 0.64 eV [28] are about
3 and 5 times smaller, respectively, as compare to
EASTO,TiO2term.
Figure 2(a) shows the longitudinal resistance Rxx as
a function of the applied back-gate voltage Vg for the
Bi2Se3 nanoribbon device B51-10 fabricated on a STO
substrate with mixed termination. The Rxx(Vg) displays
a hysteretic characteristic. This behavior is known to be
present in devices fabricated on STO substrates and has
been attributed to the formation of ferroelectriclike surface
dipoles in the STO [29]. The hysteresis also depends on the
sweep history: the initial resistance of approximately equal
to 20 k at Vg = 0 V is increased to nearly 3 times larger
value after a first scan with the gate voltage applied as fol-
lows: 0 to −40, −40 to 40 and 40 to 0 V [red arrows in
Fig. 2(a)]. However, the value of the resistance at the end
of the first scan can be switched back to its initial value by
performing a second scan, by using gate voltages applied
with an reversed sequence: 0 to 40; 40 to −40 and −40 to
0 V [Fig. 2(a), gray arrows]. It is useful to note, that the
hysteresis and the sweep history is less pronounced, if the
gate-sweeping range is limited to only negative (positive)
values.
The back-gate dependence of the Hall carrier den-
sity extracted using Eq. (1) is plotted in Fig. 2(a). At
Vg = 0 V, the slope of Rxy(B) is negative [Fig. 2(c), green
stars] indicating electrons as the majority charge carriers.
By increasing the back-gate voltage for negative values
at about Vg = −17 V, the Rxy(B) slope becomes positive
indicating the dominating carriers in the nanoribbon have
switched from n type to p type. This change occurs in the
gate-voltage range between −13 and −17 V, which coin-
cides with the voltage range where a kink in the Rxx(Vg)
dependence is observed [Fig. 2(a), 0 to −40 V scan]. An
ambipolar behavior has been previously reported for large
flakes and thin films of Bi2Se3 and other three-dimensional
(3D) TIs [8,10,30,31]; it clearly indicates a Fermi-level
tuning across the Dirac point.
The nanoribbon under consideration has a thickness of 9
nm close to the thickness of 6–7 nm (considering the oxide
shell formed around) previously found to be optimal for
topological surface-state-dominated charge transport [32].
However, in our case the total carrier density at Vg = 0 V
also includes the carriers from the accumulation layer. To
further distinguish the contribution of carriers coming from
different bands, we analyze the Rxy(B) dependences mea-
sured up to 13 T with a two-band model [33]. The black
dashed line of the linear fit of the 0–2 T region [Fig. 2(c)]
clearly highlights deviation from the linearity at higher












FIG. 2. (a) Rxx as a function of back-gate voltage Vg . The red and gray curves represent two different scans and the arrows indicate
sweep direction of Vg . The first Rxx(Vg) scan is measured with Vg applied as follows: 0 to −40; −40 to 40; 40 to 0 V (red arrows), while
the second curve corresponds to the opposite scanning direction 0 to 40; 40 to −40; −40 to 0 V (gray arrows). (b) Hall carrier density
n2D as a function of back-gate voltage. The carrier density values shown here are calculated from the linear fits of the antisymmetrized
Rxy(B) for B in the range −2 to 2 T. The positive sign of n2D indicates electronlike majority carrier concentrations. The inset shows
the Hall coefficient as a function of the gate voltage. In both graphs the violet shaded region addresses a mixed region of n- and p-type
carriers. The increase of n2D in the main graph, by going to negative Vg is only “apparent”: it is a consequence of the RH changing
sign (see inset), which gives an unrealistically low slope and as a consequence higher value of n2D. The values of n2D in the shaded
violet regions therefore do not correspond to effective carriers. Rxy1 and Rxy2 are measured using different Hall contacts of the same
nanoribbon device, and scan A and scan B represent two subsequent sweeps. (c) Antisymmetrized Rxy(B) in the range of B between
−13 to 13 T at back-gate voltage Vg = 0 V and Vg = −17 V. The black dashed lines are the linear fit in the range of 0 to 2 T. The
inset shows the Gxy(B) dependences with the fit of the two-carrier model, Eq. (2), (dot dashed line). All the data refer to nanoribbon
B51-10.
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curve at high magnetic field accounts for the contribu-
tion of another band with electron carriers with different
mobility; indeed the slope at 10–13 T yields a higher car-
rier density of 5.75 × 1012 cm−2 (as compare to 5.0 ×
1012 cm−2 calculated from the 0–2 T region). The situation
for Rxy(B) at Vg = −17 V is instead the opposite: we get a
reduced value of n2D = 1.72 × 1012 cm−2 when consider-
ing the slope in the 10–13 T region (1.97 × 1012 cm−2 from
the slope to 0–2 T). Here the majority of charge carriers
(at Vg = −17 V) are holes, and the decreased Hall car-
rier density at higher magnetic field indicates the presence
of a small fraction of carriers with opposite sign (in this
case electrons). In the two-carrier model, the conductance









where n1, n2 and μ1, μ2 are the carrier densities and the
mobilities of the two bands. Here we consider that one
band is represented by the Dirac electrons at the top sur-
face and the other band includes both the 2D accumulation
layer at the interface with the substrate and the Dirac elec-
trons at the bottom surface of the nanoribbon. We instead
neglect the carrier band coming from the bulk since in
agreement with our previous work where we demonstrate
that nanoribbons below 30 nm in thickness are bulk free
[18]. The conductance tensor Gxy is calculated from the






Here R′xy= Rxyg is the corrected Hall resistance consider-
ing the geometry of a narrow Hall bar and R′xx = Rxxw/L
is the sheet resistance; w and L are the width and length of
the nanoribbon, respectively. The Gxy(B) dependences are
shown in the insets of Fig. 2(c). The dot-dashed lines rep-
resent the fit of the data at different gate voltages by using
Eq. (2). Table I summarizes the resulting parameters of the
fitting procedure.
By using the two-carrier model the carrier densities we
extract at the initial state with Vg = 0 V are n1 = 1.49 ×
1011 cm−2; n2 = 5.55 × 1012 cm−2 (Table I). From our
previous studies [18], the highest density n2 accounts for
the sum of the 2DEG at the nanoribbon-substrate interface
and of the carriers from topological surface states at the
nanoribbon bottom surface. In this case the minority car-
rier densities n1 = 1.49 × 1011 cm−2 are representing the
topological surface states at the nanoribbon top surface.
The Fermi level calculated from the Dirac point at the top
surface can be estimated from the relation E(F ,1) = kFvF ,
where kF =
√
4πn1 is the Fermi wave vector, vF the Fermi
velocity of 5 × 105 m/s [34] and  the reduced Planck con-
stant. We get a value within the range of approximately
equal to 42–48 meV (considering the confidence interval
of our fitting procedure). Once the gate voltage is applied,
the Fermi level EF is tuned through the Dirac point and the
nanoribbon enters a regime of majority p-type conduction
at negative Vg = −17 V. At this point the initial major-
ity electron carriers mostly coming from the trivial 2DEG
formed at the interface with the substrate are depleted,
becoming therefore the minority carriers.
The carrier density values extracted from the two-carrier
analysis at an intermediate value of Vg = −10 V (Table I)
show the opposite situation as compared to the initial
state at Vg = 0 V [see Rxy(B), Vg = −10 V data in
Fig. S3 within the Supplemental Material [20] ], where the
high field carrier density is instead higher as compared
to the one extracted from the low magnetic field region
TABLE I. Fitted parameters of the two-band modela. EF ,1 and EF ,2 are the Fermi energy measured from the Dirac point for the top
surface (TS) and bottom surface (BS/Accumulation layer), respectively.
Vg(V) n1, TS μ1 EF1 n2, BS/AL μ2 EF2 n2D μHall
(1011 cm−2) (cm2/Vs) (meV) (1012 cm−2) (cm2/Vs) (meV) (1012 cm−2) (cm2/Vs)
B51-10
0 1.49 4626 45 5.55 1232 – 5.75 1320
1.31 − 1.69 4394–4858 42–48 5.50 − 5.55 1224–1238
−10 −1.06 3100 −38 2.31 1100 176 2.64 1048
−1.25– − 0.87 2569–3632 −41– −33 2.29 − 2.32 1082–1118 175–177
−17 −16.9 1400 −150 0.069 2700 30 −1.72 1510
−19.1– − 15.6 1340–1462 −156 – −146 0.046 − 0.080 2372–2884 25–33
B51-9/1
0 26.2 1900 188 6.36 1095 – 9.51 1920
25.0 − 27.5 1895–1905 183–192 6.26 − 6.47 1087–1104
−40 −2.43 1080 −57 1.43 1560 139 1.40 1955
−2.75– −1.99 1075–1085 −61– −52 1.40 − 1.47 1535–1595 137–141
a Range of the values shown below each of the parameter indicate confidence bounds of the two-carrier model fit; positive sign is for
electrons, while negative is for holes.
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(3.38 × 1012 and 2.64 × 1012 cm−2 from the slopes of
0–2.5 T and 10–13 T magnetic field regions, respectively),
indicating that the majority of carriers are electrons, but
now there exists also a small fraction of p-type carri-
ers. Decreasing the back-gate voltage even further (Vg =
−17 V) we obtain for n2 a value 6.87 × 1010 cm−2. The
value of carrier density n2 decreases steeply by changing
the back gate voltage, from 5.55 × 1012 (Vg = 0 V) to
6.87 × 1010 (Vg = −17 V), with an intermediate value of
2.31 × 1012 cm−2 (Vg = −10 V), see Fig. S4 within the
Supplemental Material [20]. This effective tuning of car-
riers by the back-gate voltage can be expected, if these
carriers originate from the nanoribbon bottom interface.
The estimated values obtained from the two-carrier anal-
ysis for Vg = −17 V data give an EF ,1 at the top surface of
−150 meV where holes are majority carriers. Indeed for
this extremely thin nanoribbon one expects that the bulk
band gap is strongly enhanced compared to the bulk crys-
tals [35]. Therefore, we expect that the chemical potential
at the top surface EF ,1 lies within the bulk band gap with
Dirac holes as the majority carriers. The schematic band-
bending diagrams for Vg = 0 V and −17 V are shown
in Fig. 3(a) by taking into account the estimated carrier
densities with the corresponding values of the EF .
Similar analysis is performed for an additional nanorib-
bon B51-9/1, t = 10 nm, on the same substrate, but with
a slightly higher initial carrier density and thickness, see
Table I and Fig. S3 within the Supplemental Material
[20]. Carriers of both populations from the top and the
bottom surfaces are effectively depleted with the applied
negative back-gate voltage Vg = −40 V, and the Fermi
level EF ,1 of the B51-9/1 nanoribbon top surface is tuned
below the Dirac point, implying the p-type conduction.
This behavior is comparable with the one measured for
the sample B51-10, at Vg = −10 V (Table I). The car-
rier density of the nanoribbon bottom surface and interface
accumulation layer n2 remains instead n type. This can be
understood taking into account the following: (1) nonuni-
form nanoribbon-substrate interface in the case of STO,
mixed termination substrate. It affects formation of the
accumulation layer, and in places where patches of TiO2-
terminated oxide dominates, the carrier density will be
higher. Initially low carrier density is key for an effective
electrostatic gating. (2) Thickness of the nanoribbon. In
order to fully suppress the n-type conduction, the nanorib-
bon thickness should be much smaller than the charge
depletion length. For (BixSb1−x)2Te3 it is around 11 nm,
and a full depletion to p-type is realized only in 5-nm thin
nanoplates [9].
Figure 3(b) shows the temperature dependence of the
Rxx at different negative back-gate voltages. We initially
observe at Vg = 0 V that the Rxx(T) [Fig. 3(b)] has a
metallic behavior. This is what we expect for a transport
dominated by the high carrier-density 2DEG at the inter-
face with the substrate. This behavior drastically changes
by applying a negative Vg: once the accumulation layer is
depleted the nanoribbon enters a regime where the trans-
port is determined by Dirac electrons and thermally excited
carriers in the conduction band [see Fig. 3(a) right panel].
These last give the typical semiconductorlike behavior of
the longitudinal resistance [see yellow and blue curve in
Fig. 3(b)]. However, we cannot completely rule out the
effect of a temperature-dependent relative dielectric con-
stant of the STO substrate on the increase of Rxx at a
finite gate voltage with decreasing temperature [36]. At





FIG. 3. (a) Schematic representation of the band-bending diagram of a 9-nm-thick Bi2Se3 nanoribbon at Vg = 0; −17 V, constructed
considering the carrier densities determined from the two-carrier model Eq. (2). BS and TS indicate the bottom (in contact with the
substrate) and top surfaces, respectively. (b) Rxx as a function of temperature for different applied back-gate voltages, nanoribbon B51-
10. (c) Excess conductance Gxx(B) = Gxx(B) − Gxx(B = 0) as a function of magnetic field. The black solid curves are the fits using
Eq. (4). The inset shows the phase coherence length extracted from the fitting of Gxx(B) as a function of back-gate voltage.
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carriers in the conduction band are frozen out and the
Dirac electrons start to dominate the transport giving a
metalliclike Rxx(T) dependence at low temperature.
The applied back gate also affects the weak antilocaliza-
tion (WAL) dip, which appears in the conductance versus
the external magnetic field and is due to spin-orbit cou-
pling in Bi2Se3 [Fig. 3(c)]. We observe that the width of the
peak, which is a measure of the phase coherence length l
(and of the number of contributing 2D conduction channels
α) increases by applying a negative gate voltage indicat-
ing that the phase coherence is dramatically reduced. l
can be estimated using the Hikami-Larkin-Nagaoka (HLN)
equation [37], where the excess conductance for a 2D
system is given by


















here  is the reduced Planck constant and 	 the digamma
function. The inset of Fig. 3(c) shows the l values as
a function of the gate voltage Vg . We observe that l
decreases for negative Vg where more p-type carriers con-
tribute to the charge transport. This is in line with the
reduced mobility of Dirac holes compared to the one of
electrons [38] leading to shorter phase coherence time. In
Eq. (4), the parameter α is in the range 0.7–0.85 for neg-
ative Vg . This indicates that more than one coherent 2D
channel is contributing the charge transport, in agreement
with the high field magnetotransport Rxy(B) data analysis
and a band diagram where Dirac holes at the top surface
and Dirac electrons at the bottom surface (at the inter-
face with the substrate) contribute to the transport [see
Fig. 3(a)].
To conclude we show that in bare Bi2Se3 nanoribbons
transferred on the STO substrate the application of a back
gate is able to tune the carrier density through the Dirac
point, when only Dirac electrons and holes contribute to
the transport. In our nanoribbons, the high mobility of the
Dirac carriers remains intact, which is of great relevance
for applications taking advantage of the topological surface
state physics.
III. METHODS
Nanoribbons of Bi2Se3 are grown via catalyst-free solid
physical vapor deposition method as reported elsewhere
[39]. The nanoribbons, obtained on a glass substrate, are
free standing and for the measurements of charge transport
are transferred to prepatterned substrates of (a) Si sub-
strates covered by 300 nm of SiO2; (b) as delivered (100)
SrTiO3; (c) TiO2-terminated (100) SrTiO3 (TiO2-STO)
and (d) sapphire, by contact transfer. The TiO2-terminated
substrates are prepared by etching in buffered hydrofluoric
acid (BHF) solution (30 s) and annealing at O2 atmo-
sphere, 950 ◦C (3 h). Thickness of the STO substrates
is 500 μm. To define the electrical contact of individ-
ual Bi2Se3 nanoribbons, we use electron-beam-lithography
processing, followed by Ar+ etching to remove the native
oxide from the Bi2Se3 nanoribbons [18,39] and the evap-
oration of a 3-nm Pt layer and 80-nm Au layer. All the
transport measurements are done in a Quantum Design
Physical Property Measurement System (PPMS), with a
base temperature of 2 K.
We routinely achieve well-aligned electrodes so mea-
surements of the Hall effect are possible even for 200-
nm-wide nanoribbons. The Hall resistance Rxy is measured
using the electrode pairs V1–V2 or V3–V4 to record the
resistances Rxy1 and Rxy2, respectively, under a constant
flow of current between the probes I+ − I−. The external
magnetic field is applied perpendicularly to the substrate
surface. The longitudinal resistance Rxx is recorded in four-
probe electrode configuration using the electrode pairs
(V1–V3 or V2–V4).
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